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Abstract
A parameterization for calculating surface albedo of Solar Zenith Angel (SZA) depen-
dence with coeﬃcient for each vegetation type determined on the Moderate Resolution
Imaging Spectro-radiometer (MODIS) reformed by the Bidirectional Reﬂectance Dis-
tribution Function (BRDF) is incorporated within the latest Abdus Salam International 5
Centre for Theoretical Physics (ICTP) Regional Climate Model (RegCM3), and evalu-
ated with a high resolution one-way nesting simulation in China using the Climate Re-
search Unit (CRU) data and the observations from the Field Experiment on Interaction
between Land and Atmosphere in Arid Region of Northwest China (NWC-ALIEX). The
performance of the SZA method modeling surface characteristic is investigated.Results 10
indicate, RegCM with SZA method (RCM SZA) considerably improve the cold bias of
original RegCM (RCM ORI) in air surface temperature in East Asia with 1.2 degree
increased in summer due to the lower albedo produced by SZA method which makes
more solar radiation absorbed by the surface and used for heating the atmosphere
near to the surface. The simulated diurnal cycle of ground temperature conforms fairly 15
well to the observation in the nesting simulation in Northwest China, especially dur-
ing the noon time when the SZA has the lowest value. However, the modiﬁcation can
not obviously aﬀect the East Asia summer monsoon precipitation simulation although
RCM SZA produce more evapo-transpiration in surface with more than 2Wm
−2 in-
creases in simulated latent heat ﬂuxes both in East Asia and in Northwest China com- 20
pared to RCM ORI.
1 Introduction
Land surface albedo represents the proportion of the incoming radiative ﬂux reﬂected
by the surface. It is a very important land surface parameter in physical climate sys-
tem which controls directly the partition of radiation energy in surface, thus aﬀects the 25
surface temperature and evapo-transpiration, consequently, aﬀects the modeled atmo-
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sphere condition, that, in turn, aﬀects the basic land surface conditions and the large-
or meso- scale ﬂux transportation between the atmosphere near to the surface and
boundary layer. Several studies have shown that surface albedo has a negative ef-
fect on moisture ﬂux convergences and rainfall, and desertiﬁcation results generally in
droughts by a positive feedback between land and atmosphere caused by high surface 5
albedo (Charney et al., 1975; Chervin, 1979; Sud and Fennessy, 1982; Sud and Molod,
1988; Xue and Shukla, 1993; Dirmeyer and Shukla, 1996; Knorr et al., 2001). It has
long been recognized that accurate surface albedo information is essential for weather
forecasting and climate modeling.
Errors in the speciﬁcation of surface albedos in numerical models will cause great 10
deviations in surface temperature such as reported in the NCAR Community Climate
Model Version 3 (CCM3) by Bonan (1998). High soil albedos in desert in the Saharan
region in this model caused temperatures that are several degrees (up to 5 degree)
colder than the observations throughout the year. Recent studies show that the pre-
viously assumed albedo for the boreal forest in winter, which is set as the National 15
Centers for Environmental Prediction model (NCEP) (Kalnay et al., 1996) and the Eu-
ropean Centre for Medium-Range Weather Forecasts model (ECMWF report, 1993),
can be more than ﬁve times higher than actual magnitudes, and simulations using
such magnitudes underestimate daily winter temperatures over the boreal region by
10–15degree (Betts and Ball, 1997; Baldocchi et al., 2000). Using an energy balance 20
climate model, Otterman et al. (1984) conclude that the lower albedo of high-latitude
forests in winter increases surface temperature at 65
◦ N by 5degree. In regional cli-
mate model RegCM3, the too high surface albedo likely contributes to the too much
energy loss in the atmosphere which partly induces the cold bias in winter in East Asia
(Steiner et al., 2005). For some special underlying surface like bare soil of desert in 25
arid areas, the surface characterized by relative high albedo that is strongly dependent
on the SZA but still assumed to be independent on SZA and even with uniform value
in most land surface models, the uncertainty and deviation from inaccuracy albedo pa-
rameters simulated by oﬀ-line land surface models make several degree cold bias in
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ground temperature e in summer (Wang et al., 2005; Bao et al., 2007, 2008).
According to the previous research from RegCM3, the model tends to simulate the
cold bias of several degrees during winter. Besides the general reasons that the exces-
sive high level cloudiness produced by model and possibly the lack of urban heating in
local areas (Giorgi et al., 1999), and the formulation of snow processes in BATS which 5
depends on snow albedo and fractional cover descriptions that may include signiﬁ-
cant factors of uncertainty maybe contributing to the variance of temperature in winter
(Steiner et al., 2005), the simulated surface albedo bias from the coupled land surface
model BATS is considered to be one of the other possible factor. Wei et al. (2001)
compared the albedo of diﬀerent land surface types produced by BATS with the ad- 10
vanced very high resolution radiometer (AVHRR) data, found the model simulate the
higher albedo than AVHRR for all of the vegetation types in range of 0.01 to 0.04, and
demonstrate the highest bias for deserts and semi-desert regions where the bias is
increased beyond 0.05, as well as the regions with winter snow.
The surface albedo is strongly dependent on the SZA and the three-dimensional (3- 15
D) structure of vegetation canopy (Yang, et al., 2001; Schaaf et al., 2002). In this paper,
a newly-developed parameterization for computing the surface albedo of SZA depen-
dence with coeﬃcients for each vegetation type determined on MODIS data reformed
by the BRDF method, which is specially developed for weather forecasting and climate
modeling (Wang et al., 2005, 2007), is implemented within the latest ICTP RegCM3. 20
The ability of SZA method in representing the regional land surface characteristic and
regional climate are investigated. Our purpose of this study is twofold. First, the per-
formance of this SZA method in modeling the surface radiation balance and surface
thermal conditions, especially during the summer monsoon period in East Asia needs
to be evaluated for future and extensive use, and the improved cold bias in RegCM 25
from SZA simulation are expected; Second, the ability of SZA method representing the
ground temperature over desert areas in arid and semi-arid regions in Northwest China
is particularly focused on since it is an attempt padding the inaccuracy and uncertainty
of land surface parameters due to the few in-situ data available reported by remote
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sensing parameterization. More work should be sampled by this way.
In Sect. 2, the model in this study and the strategy of this experiment as well as
the related surface albedo schemes in BATS and SZA method are brieﬂy introduced.
The evaluation of SZA method and the modiﬁcation in RegCM3 are shown in Sect. 3.
Finally, a common summary and discussion are presented in the last section. 5
2 Experimental design
2.1 Model description
The regional model used here is the latest version of the ICTP RegCM3. This is an up-
graded version of the model originally developed by Giorgi et al. (1993a, b) and then im-
proved and discussed by Giorgi and Mearns (1999) and Pal et al. (2007).The dynamic 10
core of the RegCM3 is equivalent to the hydrostatic version of NCAR/Pennsylvania
State University meso-scale model MM5 (Grell et al.,1994).The physics parameteriza-
tions employed in this simulation include the comprehensive radiative transfer package
of the NCAR Community Climate Model, version CCM3 (Kiehl et al., 1996), the non-
local boundary layer scheme of Holtslag et al. (1990), the latest version of Biosphere- 15
Atmosphere Transfer Scheme (BATS, Dickinson et al., 1993), the modiﬁed large-scale
cloud and precipitation scheme which accounts for the subgrid-scale variability of
clouds (Pal et al., 2000).
Just as we mentioned above, the surface physics processes in current model are
represented by the ﬁnal BATS land surface scheme (Dickinson et al., 1993), which is 20
designed to describe the role of vegetation and interactive soil moisture in modifying
the surface-atmosphere exchanges of momentum, energy, and water vapor. The soil
hydrology calculations include predictive equations for the water content of the sur-
face soil layer, the root zone, and the deep soil layer. These equations account for
precipitation, snowmelt, evapor-transpiration, surface runoﬀ, and diﬀusive exchange of 25
water between soil layers. Snow depth is also prognostically calculated from snowfall,
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snowmelt, and sublimation.
2.2 Surface albedo parameterizations
In land surface model BATS, the albedo of bare soil is calculated by formula
α = αsat + ∆αg (Ssw) (1)
where αsat is the albedo of a saturated soil, Ssw is the ratio of surface soil water con- 5
tent, and an increase of albedo due to dryness of surface soil within the wavelength
λ<0.7µm can be calculated by formula (2):
∆αg (Ssw) = 0.01
 
11 − 40Ssw/Zu

> 0 (2)
where Zu is the upper soil layer depth. This formula is chosen so that albedos range
in a nonlinear fashion between the saturated and dry magnitudes. The magnitude of 10
Ssw becomes very small (0.025m) before and when the soil albedo shows a signiﬁ-
cant increase. Moisture is retained around the soil grains until 80% dryness occurs.
The diﬀuse albedo is simply assumed to be synonymous with direct albedo, and soil
albedos within λ>0.7µm are twice as much as those within λ<0.7µm.
For vegetation, BATS uses prescribed values for vegetation albedo for both short- 15
and longwave components based on the BATS land cover types.
In the research of Wang et al. (2005, 2007), the direct albedo normalized by its mag-
nitude at 60
◦SZA can be adequately represented by a simple two-parameter formula
reformulated from the MODIS/BRDF algorithm (Ranson, et al., 1991; Schaaf et al.,
2002): 20
α (θ) = αr × (1 + B1 ∗ (g1 (θ) − g1 (60◦)) + B2 ∗ (g2 (θ) − g2 (60◦))) (3)
αr has a clear physical meaning as the albedo at 60
◦ SZA, and its magnitude de-
pends on season and location; θ is solar zenith angle. B1 and B2 are respectively
the ratio of the volumetric and geometric parameters which can be obtained from the
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MODIS BRDF data. In formula (3), the same B1 (or B2) is used for the visible (VIS)
band (0.3–0.7µm) and near-infrared (NIR) band (0.7–5µm) for the same vegetation
type. Also, B1 and B2 are assumed to be dependent on vegetation type only. With this
characteristic, the formula is very convenient for use in numerical weather prediction
(NWP) since in most of which, the surface parameters only depend on the land type 5
classiﬁcation. In Wang et al.’s research, the averages over 40 pixels for each vegeta-
tion type and 30 pixels for desert of B1 and B2 are provided in Wang et al’s research.
(Wang et al., 2005, 2007). The functions g1 and g2 are from the MODIS algorithm
(Schaaf and Coauthors, 2002):
g1 (θ) = −0.007574 − 0.070987θ
2 + 0.307588θ
3
g2 (θ) = −1.284909 − 0.166314θ
2 + 0.04184θ
3 (4) 10
Diﬀuse albedo is the integral of all SZAs with the weight of cosθ.
2.3 Experimental design
The exchange of land-atmosphere ﬂux is a sub-grid scale process (Sun, 2006). To get
the sub-grid land surface ﬂux and high-resolution surface climate, the one-way nesting
method is used in this paper. The mother domain encompasses the most of China 15
at 60km grid spacing with 128×96 grids, with the full simulation period ranging from
1 May 1999 to 1 September 2001. The models are driven by ECMWF data (Techni-
cal Attachment, 1993). Two experiments are implemented in mother domain, one is
using original RegCM3 named RCM ORI, and the other is using RegCM3 with SZA
scheme named RCM SZA. To allow for a one-month spinup time period, we analyze 20
the results from 1 June 1999 to 1 September 2001. Before running the model, some
landuse modiﬁcations have been done, with the “Irrigated Crop” points in the whole
domain replaced by the “Crop/mixed farming” since they induce the too wet soil condi-
tions in RegCM simulation which results in the several degrees’ cold bias in air surface
temperature over East Asia (Personal conversation with Professor Giorgi from ICTP). 25
Figure 1 show the selected domain and landuse distribution.
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For the nested domain, we focus on a relatively homogeneous and even area in
Badain Jaran Desert centered at Dunhuang site (40
◦10
0 N, 93
◦31
0 E) in Northwest
China, running the model at 20km grid spacing with 136×70 grids from 1 May 1999
through 1 March 2001 (Fig. 1). Also there are two experiments incorporated in the ex-
periments which are respectively driven by the output from RCM ORI and RCM SZA. 5
The former one is the benchmark experiment named NRCM ORI, the latter one is
the compared experiment with the newly-developed SZA scheme incorporated named
NRCM SZA. The whole 15-month simulations are used for analysis. Figure 1 show the
topography and landuse distribution of the selected domain.
2.4 Evaluating strategy 10
The monthly surface air temperature, minimal, maximal air temperature and precipi-
tation of Climate Research Unit (CRU) with 0.5×0.5 grid resolution are used as the
observations to validate the basic performances of model. Research indicate that the
precipitation of CRU data has a high reliability as the meteorological station observa-
tions in China, in particular in East China during the period from 1950 to 2000, with the 15
correlation coeﬃcient between the seasonal precipitation and the station observations
of 160 stations being 0.93 (Wen et al., 2006). The surface energy budget components
and ground temperature of Dunhuang in-situ data of NWC-ALIEX from 1 June 2000 to
1 March 2001 are used to examine the simulations in nested domain. The measuring
instruments and accuracies of the data are described in Zhang and Huang (2002) and 20
Zhang et al. (2004).
3 Simulated results
In this section, we present a general analysis of the mother domain simulation and
nesting domain simulation. In mother domain, the abilities of model representing the
surface characteristic are focused on. While in nesting domain, the diurnal cycle of 25
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surface characteristic over desert is engaged. As mentioned before, the nested domain
is a relatively homogeneous desert which centers at the Dunhuang sites, only the
results from 1 December 1999 to 1 March 2001 are represented in this paper.
We begin our analysis from simulated surface albedo with diﬀerent schemes as the
basic analysis. Figure 2 show the simulated June-July-August (JJA) averaged albedo 5
of the full simulated period. It is found that RCM ORI and RCM SZA produce the
generally similar albedo spatial distribution since the albedo calculation in RegCM sig-
niﬁcantly depend on geographic location and the landuse/land cover distribution asso-
ciated with the snow fraction over the soil and vegetation, and the same landuse data
are used in the two experiments. The results indicate the high albedo distribute in North 10
China and the Tibetan Plateau because of the high geographical latitudes and the low
vegetation fraction, also the large-area snow cover in high evaluations. In RCM ORI
run, most the values in those places are more than 0.28, and over 0.4 in some places
in Tibetan Plateau, which are greater than the in-situ data in some typical stations at
Dunhuang Gobi (Zhang et al., 2004), Huayin Gobi (Hu et al., 1999), Jinta Gobi (Bao 15
et al., 2007, 2008) and Namucuo on Tibetan Pleatau (Wang et al., 2004) in Northwest
China, as well as MODIS and AVHRR satellite remote sensing values of albedo (Xu
and Lin, 2002; Wei et al., 2001) (See Table 1). In the East and South China, most of
the albedo is lower than 0.2 because of the high vegetation fraction in growing seasons
and the high soil moisture induced by the monsoon precipitation in summer season. 20
Compared to RCM ORI simulation, RCM SZA substantially simulates the lower albedo
with the typically 0.01 to 0.02 decrease in most of China, especially for the places in
South and East Asia with the Crop/mixed farming distributed, and the Ice cap/glacier
regions in Northeast China (Fig. 2b, c). Large discrepancies also exists in Northwest
China where there are the large-scale desert and semi-desert regions distributed. Ac- 25
cording to the research of Wei et al. (2001), in desert and semi-desert regions for
snow-free surface, BATS and LSM respectively simulate 0.07 and 0.03 higher albedo
than AVHRR albedo data, which seems to contribute the several degrees cold bias
in ground temperature over desert in CCM3 model (It takes LSM as the land surface
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sub-model), especially in North Africa where in LSM the albedo is adjusted upward by
0.1 compared to the other deserts in the world. The similar decreases happen to the
albedo simulations in other seasons like spring and autumn but so obvious as that in
summer (not shown).
The relevant surface absorbed solar radiations are shown in Fig. 3. Both RCM ORI 5
and RCM SZA runs expose that the more solar radiation absorbed by surface in South-
east China than other places due to the lower albedo in vegetation there (Fig. 3a, 3b).
Compared to RCM ORI, typically 10–15Wm
−2 additional solar radiation is received by
the surface in RCM SZA simulation in summer, with the greatest increased radiation
more than 30Wm
−2 in some places in the East and North China (Fig. 3c), which is con- 10
sistent with the relatively more decreased albedo values there that make more incident
solar radiation come into the surface (Fig. 2a, b).
In East Asia, on an average, RCM ORI and RCM SZA receive respectively 233.44
and 242.87Wm
−2 incident solar radiation in surface in JJA. They are smaller than
the observations during the period of 1984–1990 based on global 2.5degree resolu- 15
tion data derived from the International Satellite Cloud Climatology Project (ISCCP)
(Bishop and Rossow, 1991). RCM SZA absorbs approximately 13Wm
−2 solar radia-
tion more than RCM ORI runs with 9Wm
−2 additional incoming solar radiation incorpo-
rated which accounts for 69 percent in the increased energy absorbed by surface, with
other 31 percentage coming from the variety of surface albedo (Table 1). The increase 20
of solar radiation in RCM SZA can be explained by the decrease in the cloud liquid
water amount in this model. Compared to RCM ORI, RCM SZA simulates decreased
2.2gm
−2 liquid water below 850hpa in East Asia which accounts for 10 percent of total
liquid water amount. The same increase happens to the longwave cooling (Fig. 3d,
e, f), there is extra upward 5Wm
−2 longwave radiation used for heating the air near 25
to surface, as well as the sensible heat ﬂux (4.7Wm
−2 increased) and latent heat ﬂux
(2.6Wm
−2 increased).
While in Northwest China where there is widely-distributed desert area and precipi-
tation seldom occurs in summer seasons, the incoming solar radiation contributes little
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for the increased radiation ﬂux, indicating the lower albedo in RCM SZA are respon-
sible for the extra about 6Wm
−2 solar radiation absorbed by surface. There is still
4.9Wm
−2 longwave radiation increased which is used for heating the atmosphere, but
the surface sensible heat ﬂux in Northwest China has a small change although there is
still about 2Wm
−2 increased in simulated latend heat ﬂux. 5
An investigation of the energy partitioning at the surface can lend some insight into
the diﬀerences between the surface temperature simulations in the two schemes. Fig-
ure 4 illustrate the seasonal cycle of energy budget for ﬁve components, the incom-
ing solar radiation, the absorbed solar radiation, longwave cooling, sensible heat ﬂux
and latent heat ﬂux from RCM ORI and RCM SZA runs respectively in East Asia and 10
Northwest China (Note that positive values for sensible and latent heat indicate a loss
of energy from the land surface to the atmosphere).
In East Asia, typically, the annual surface absorbed solar reaches a minimum in Jan-
uary and a maximum in July. The onset of the East Asia monsoon causes this relatively
lower surface solar radiation in June during the summer because the large cloud liquid 15
water amounts reduce the amount of solar radiation that reaches the surface (Fig. 4a).
On the contrary, the longwave cooling reaches a minimu, in July when there is the
greatest monsoon precipitation and a maximum in early winter months (like October
and November). Also RCM ORI and RCM SZA partition the absorbed radiation into
the sensible heat ﬂux and latent heat ﬂux with quite similar. The seasonal cycles of 20
these values include a minimal sensible heat ﬂux in the early winter months and a
maximal in the late spring (like March to May). The latent heat ﬂux peak lags the sen-
sible heat ﬂux by a few months. Due to the onset of monsoon season. Both in winter
and summer seasons the latent heat ﬂux is the big partition in the total energy which
accounts for the one half of the general surface energy in cold seasons. During the 25
whole year, RCM SZA simulates more surface absorbed radiation and latent heat ﬂux
most of which are used for heating and moistening the air near to the surface although
the increased energy are diﬀerent in individual seasons.
In Northwest China (not shown), all the components have the very smooth reserve
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parabola curves, with the maximum in June or July and minimum in winter seasons
because the few precipitation in desert during summer, and their little eﬀect on solar
absorbance by the surface and division in diﬀerent components. As a comparison, the
incident radiation from RCM SZA is much higher than that from RCM ORI due to the
rare precipitation, (50mm/y–100mm/y in most of places). Similar to the simulation in 5
East Asia, RCM SZA simulates more surface absorbed radiation and latent heat ﬂux
during the whole year especially in summer seasons although the sensible heat ﬂux
covers more than 50% of the general surface radiation both in cold seasons and in
warm seasons in Northwest China, which will feedback the warmer and wetter simu-
lated climate in RCM SZA. 10
In Fig. 5 and Table 1, the simulated air surface temperature is compared with ob-
served surface temperature from the CRU dataset. In summer seasons, the simulated
temperature in East Asia is lower than observations by 1 to 3 degrees (Fig. 5a, b, c,
e, f) which can be found in many simulations in East Asia with RegCM3 (Giorgi et al.,
1999; Gao et al., 2006; Pal et al., 2007; Bao et al., 2008) due to the excessive high 15
level cloudiness and possibly the lack of urban heating eﬀects which could have a sig-
niﬁcant impact in densely populated urban appears of East Asia (Giorgi, 1999). While
in the Northwest China, there are positive biases for the high evaluation in mountains
with the exception to some deserts possibly due to the un-appropriate parameteriza-
tion in BATS to handle the snow which depends on snow albedo and fractional cover 20
descriptions that may include signiﬁcant factors of uncertainty (Steiner et al., 2005).
Note the largest positive temperature bias occurs in the mountains in Northwest China
when only a small number of reporting stations are available. Regionally, compared to
RCM ORI, RCM SZA considerably reduce the cold bias in East China (Fig. 5d), with
1.2 degree increase in air surface temperature which are consistent with the additional 25
solar radiation absorption in surface (Table 1). In the desert in Northwest China, the
extra absorbed solar radiation also reﬂects in the surface air surface temperature with
the 0.34 degree increased air surface temperature.
We also examined the diurnal diﬀerence between daily minimal and maximal tem-
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perature the two models, and found the increase of air surface temperature is mainly
due to the increase of daily maximal temperature (Fig. 4b). Over the annual simulation
in East Asia, the RCM SZA 0.5 to 1.5 degree higher maximal temperature that is 0.5
degree to 1.5 degree greater than RCM ORI, and this diﬀerence increase to approx-
imately 2 to 2.5 degree in the summer. Both the two models simulate the 1 to 2.5 5
degree higher daily minimal temperature compared to CRU data, in particular during
summer seasons. The similar changes but with smaller range happen to counterparts
in Northwest China (not shown). On the whole, compared to simulations of RCM ORI,
the simulations of RCM SZA show the smaller range of seasonal cycle in temperature,
indicating a shift upwards to warmer temperatures over the full diurnal cycle. This could 10
partially explain the similarity between RCM SZA simulations and observed air surface
temperature.
The simulated East Asia summer monsoon precipitation is also evaluated with CRU
precipitation (not shown). Beyond our expects, no more precipitation occurs both in
East Asia and in Northwest China although there are above 2Wm
−2 extra latent heat 15
ﬂuxes in RCM SZA simulations. It is also found in other work about modiﬁcation the
land surface scheme in RegCM (Steiner et al., 2005) Giorgi and Bi’s research (2000)
has shown that the simulated precipitation exhibits a signiﬁcant level of variability due
solely to the nonlinearities in the internal dynamics and physics of the model. The
possible reason of this also could be that the large bias in simulated precipitation in 20
China with RegCM3 (several to tens mm/day minus bias in East Asia) which covers the
improvements induced in RCM SZA simulation.
The observed and simulated diurnal energy budget radiation is shown in Fig. 6. It is
observed both the simulated incoming solar radiations and absorbed solar radiations
from NRCM ORI and NRCM SZA are greater than the observations, and the diﬀer- 25
ences between observations and models are increasing after the noontime (Fig. 6a).
There is slight increase in absorbed solar radiation but much more decrease in long-
wave cooling and sensible heat ﬂux from NRCM SZA compared with the simulations
from NRCM SZA, indicating more energy are stored in the ground to heat the surface
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and soil. As the result, the simulated ground temperature from NRCM SZA has a con-
siderable improvement compared to that from RCM ORI, especially at the noontime
(Fig. 6b). For the seasonal cycle, the simulated incoming solar radiation and absorbed
solar radiation from NRCM SZA decrease but more agreeable with the observations
compared to the simulations from NRCM ORI. Beyond our expectation (Fig. 6c), while 5
the simulated ground temperature from the two model are very similar in most sea-
sons which are far beyond the observations except during the winter months when
NRCM SZA simulates the more close ground temperature to observation (Fig. 6d). It
seems the modiﬁed albedo scheme cannot perform well on long-term simulation.
4 Summary and discussions 10
In this study, a modiﬁed SZA method which considers the eﬀect of SZA on surface
albedo developed based on the MODIS/BRDF and in-situ data is newly-implemented
in ICTP RegCM3 to improve the modeled cold bias in China. The performance of this
method in land modeling is evaluated with a one-way nesting simulation in China and a
small desert in arid region in Northwest China using the observed data and in-situ data 15
from the Field Experiment (NWC-ALIEX) in Northwest China. The impacts of the SZA
method on surface energy budget and surface thermal conditions are investigated.
Results indicate, in the mother domain, RCM SZA simulates the lower albedo than
RCM ORI in most of China which induce to more solar radiation absorbed by the sur-
face and used for heating the atmosphere near the surface. As a result, the simulated 20
air surface temperature has a considerable improvement in RCM SZA in JJA in East
Asia. There is 1.2 degree increase in simulated air surface temperature which mainly
due to the additional incoming solar radiation. While in Northwest China, the simulation
of RCM SZA has a slight increase in the air surface temperature although RCM ORI
simulates the positive bias there due to the terrain smoothness, SZA method simu- 25
lated the worse albedo distribution than RCM ORI that magniﬁes the positive bias from
RCM ORI simulations. For the whole year, both the minimal and maximal air temper-
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ature increase in RCM SZA indicate a shift upwards to warmer temperatures over the
full diurnal cycle. However, the simulated precipitation distributions in East Asia and
Northwest China have ignorable changes although there are above 2Wm
−2 extra la-
tent heat ﬂuxes in RCM SZA simulations. Besides the reason provided by Giorgi and
Bi (2000) that simulated precipitation exhibits a signiﬁcant level of variability due solely 5
to the nonlinearities in the internal dynamics and physics of the model, another pos-
sible reason also could be that the large bias in original RegCM3 which covers the
improvements from SZA method in RCM SZA.
At Dunhuang Gobi site in nesting domain simulations, RCM SZA also displays the
remarkable improvement in ground temperature simulations, in particular during the 10
noontime due to the slightly increasing absorbed solar radiation and decreased long-
wave cooling which reduce to more energy stored in the surface and soil heating them.
While the modiﬁcation in NRCM SZA seems to have small eﬀect on simulated seasonal
cycle in energy budget components and ground temperature on long-term simulations.
The reason is not clear. 15
Albedo calculation with SZA method is severely dependable on the Landuse/Land
cover used in the model. In this work, we only do simple modiﬁcation about the BATS
landuse classiﬁcations, more details about landuse (include the more accurate landuse
classiﬁcation and dynamical vegetation information) are needed for the research. Also,
we have not shown many details of the simulation in winter because the improvement 20
is not so obvious as that in summer since the SZA method is not involved in snow
surface, and we use the same way for snow processing in albeo parameterization
within RCM ORI and RCM SZA . In fact, the way handling the snow albedo is very
important for land surface energy and surface thermal condition, as well as the water
ﬂux transportation between soil layers in winter (Giorgi et al., 2003; Steiner et al., 2005), 25
which possibly reduce to the partly warm bias in RegCM3 in high latitude regions and
cold regions. More details about snow should be considered in future land surface
model and climate model.
We also have seen, simply “tuning” surface albedos to obtain correct surface temper-
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atures may obscured eﬃciencies in the representation of physical processes within the
land surface model and in its coupling to the atmospheric boundary layer. The satel-
lite remote sensing technique provides a wealth of data to describe the land surface
condition with a relatively higher resolution, especially the dynamical information which
can be useful as a measure of the spatial heterogeneity of the surface and to constrain 5
and improve the land boundary conditions in other ways. It is necessary to incorporate
more information from satellite observed data in future land surface parameters (like
landuse/land cover, the updated albedo and soil moisture ) and parameterizations.
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Table 1. Regional JJA-averaged surface variables.
East Asia Northwest China
RCM ORI RCM SZA CRU RCM ORI RCM SZA CRU
Albedo 0.202 0.189 0.264 0.253
Incident solar radiation (Wm
−2) 233.439 242.866 273.368 273.927
Surface absorbed radiation (Wm
−2) 196.57 210.316 208.282 214.186
Longwave cooling (Wm
−2) 48.119 53.114 108.290 113.138
Sensible heat ﬂux (Wm
−2) 39.378 44.007 84.811 84.806
Latent heat ﬂux (Wm
−2) 101.269 103.855 13.907 15.315
Surface air temperature (degree) 24.166 25.368 25.387 23.046 23.157 21.970
Daily maximal temperature (degree) 25.738 26.653 29.638 24.560 24.900 29.291
Daily minimal temperature (degree) 23.648 24.146 21.172 21.536 21.811 14.671
Precipitation (mm/day) 5.330 5.466 5.869 0.417 1.037 1.040
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Fig 1 Domain, topography and landuse (a) Mother and nested domain and topography (Units: 
meter) (b) Mother and nested landuse distribution 
 
Fig. 1. Domain, topography and landuse (a) Mother and nested domain and topography (Units:
meter) (b) landuse distribution.
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￿
Fig. 2. JJA-averaged albedo distribution. (a) RCM ORI; (b) RCM SZA; (c) Diﬀerence between
RCM SZA and RCM ORI (RCM SZA-RCM ORI).
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Fig. 3. JJA-averaged solar radiation absorbed by surface and longwave cooling radiation ﬂux.
(a) and (b) RCM ORI; (c) and (d) RCM SZA; (e) and (f) Diﬀerence between RCM SZA and
RCM ORI (RCM SZA-RCM ORI). Panel on the left is solar radiation absorbed by surface, and
panel on the right is longwave cooling radiation.
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Fig 4 Surface energy budget and air surface temperature seasonal cycle in East Asia. (a) Surface 
energy budget (Units: Wm
-2); (b) Surface air temperature (degree)   
 
Fig. 4. Simulated energy budget and surface air temperature seasonal cycle in East Asia. (a)
Energy budget seasonal cycle (Units: Wm
−2) (b) Surface air temperature (Unites: Degree). The
marks “ ORI ” in the panels mean the simulated variables from RCM ORI simulation, the same
as marks “ SZA”. SWI, incoming solar radiation; SWN, surface absorbed solar radiation; LWN,
longwave cooling; SH, sensible heat ﬂux; ET: Latent heat ﬂux; TMP: Air surface temperature;
TMX: Daily maximal air surface temperature; TMN: Daily minimal air surface temperature.
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Fig. 5. Surface air temperature in JJA (Units: degree) (a) CRU (b) RCM ORI (c) RCM SZA (d)
RCM SZA-RCM ORI (e) RCM ORI-CRU (f) RCM SZA-CRU.
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Fig. 6. Diurnal and seasonal energy cycle and air surface temperature at Dunhuang Gobi
surface (a) Diurnal energy budget (Wm
−2) (b) Diurnal ground temperature (c) Seasonal energy
budget (Wm
−2) (d) Seasonal ground temperature.
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